Abstract Modern probabilistic seismic hazard assessment (PSHA) focuses on the separation and different treatment of epistemic and aleatory uncertainties. Recent site-specific PSHA studies have pointed out that, if the site response and its epistemic uncertainties can be appropriately considered by adjustments to median estimates from ground motion prediction equations (GMPEs), the aleatory variability (sigma) of the GMPEs can be replaced by the single-station sigma thus partially relaxing the ergodic assumption employed in the PSHA. The site-specific partially nonergodic approach, correctly applied, provides a more accurate representation of the seismic hazard at a specific site and a more rigorous treatment of uncertainties. This paper presents the strategy followed to apply this relatively recent approach to a critical infrastructure in Southern France located on hardrock site conditions (Vs30 & 2000 m/s). The target site conditions are defined in terms of shear-wave velocity (Vs) profiles and high-frequency attenuation (j 0 ) based on the results of site investigations and on the exploitation of earthquake records at seismic stations in the target site area. The host-to-target Vs-j 0 adjustment of median estimates for the selected GMPEs is performed by using the inverse random vibration theory approach (Al Atik et al. in Bull Seismol Soc Am 104:336-346, 2014) considering epistemic uncertainties in target Vs profile and j 0 . The single-station sigma model is developed based on Rodriguez-Marek et al. (Bull Seismol Soc Am 104:1601-1619 , 2013 due to the lack of local data. The results of the site-specific partially nonergodic PSHA are discussed by means of a sensitivity analysis and are compared to the results from standard ergodic PSHA. We found that, for the considered site, the site-specific approach provides a substantial reduction (up to 50%) of the uniform hazard spectra at 10,000-year return period compared to the ergodic approach.
Introduction
Probabilistic seismic hazard assessment (PSHA) is commonly applied worldwide for the design or re-assessment of critical infrastructures. In modern PSHA, ground motion prediction equations (GMPEs) are used to assess the ground motion distribution (median value and standard deviation) expected at a particular site as a function of earthquake magnitude, source-to-site distance, and other parameters (e.g., style of faulting).
Traditionally, PSHA for specific sites has been performed adopting what is called the ergodic assumption (Anderson and Brune 1999) . The ergodic assumption essentially states that variability over space can be used as a substitute for variation over time. It is used in practice because the sigma values, calculated from regression analyses of recorded data to develop GMPEs, represent the aleatory variability over space (i.e., across many different sites and regions), and indeed they are used in PSHA to describe the aleatory variability of ground motion at a single site over time.
Only recent studies focused on the fact that when performing a PSHA at a specific site, there are components of the ground motion (e.g., the site response) that are knowable and repeatable and thus should be treated as epistemic uncertainties. As a consequence the aleatory variability in the GMPEs should be reduced. For example, multiple recordings from similar events at individual sites generally display lower variability than indicated by the sigma values of GMPEs, leading to the concept of single-station sigma (Atkinson 2006; Rodriguez-Marek et al. 2011; Luzi et al. 2014) . Adjusting the GMPEs median estimates to account for site-specific response (and its uncertainty) and adopting the single station sigma leads to a partially nonergodic PSHA (e.g., Rodriguez-Marek et al. 2014; Bommer et al. 2015; Faccioli et al. 2015) . It is partially nonergodic because only the variability among stations characterized by the same site parameterization (e.g., Vs 30 value) is removed from the ergodic sigma of the GMPEs. Similarly, partially nonergodic regionspecific GMPEs have been recently proposed (Kotha et al. 2016; Kuehn and Scherbaum 2016; Lanzano et al. 2016) , where regional effects are considered with respect to global median GMPEs estimates and the region-specific sigma is found to be lower than the ergodic one.
A fully nonergodic approach would also remove repeatable effects in the source-tosource and path-to-path variabilities of a GMPE. It would account, for example, for the fact that the contribution to the hazard at a site may come from few source regions with a certain source-to-site paths. On the other hand, in the datasets used to derive GMPEs, ground motions from many different source-to-site configurations are used. In order to perform a fully nonergodic PSHA, the ideal solution would be to have recorded at the target site earthquakes spanning a large magnitude range over a variety of distance. In this way, the derived empirical ground motion model would be completely site-specific. This is still difficult to do in practice because, despite the large growth of strong-motion networks worldwide, it is rare to have such a large set of recordings at one site. However, the number of high-quality datasets available for dense networks of station is increasing and studies on single-site and single-path ground motion variability have been performed (Lin et al. 2011; Villani and Abrahamson 2015; Lanzano et al. 2017, in press ).
An additional motivation toward the application of a partially nonergodic site-specific PSHA is to avoid double counting uncertainties. For example, if a standard ergodic PSHA is performed for rock condition at a site and then site response analysis is implemented to calculate the hazard at the ground surface, attention should be paid to the fact that part of the site response uncertainty is already included in the sigma of the GMPE (RodriguezMarek et al. 2014; Faccioli et al. 2015; Barani and Spallarossa 2016) .
This study presents a site-specific PSHA for a critical infrastructure in southern France located on hard rock site conditions (Vs30 of about 2000 m/s). When the ground motion needs to be estimated for such target site conditions two issues are faced. First, the reliability of empirical GMPEs is questionable because they are not well constrained for such Vs30 where only few records are available. Second, rock and hard-rock sites can have quite variable attenuation of the high-frequency seismic wavefield that have a strong impact on the ground motions potentially observed at the site. In particular, hard-rock sites tend to present records with spectral content having a slower decay of amplitude with increasing frequency compared to standard rock sites. One widely used approach to characterize the high-frequency attenuation effect is through the estimation of the kappa (j) parameter that is empirically measured from the slope of the high-frequency portion of the Fourier spectrum of earthquakes recordings (Hanks 1982; Anderson and Hough 1984; Ktenidou et al. 2014) . However, GMPEs typically do not account for kappa explicitly in the functional forms.
In the recent years, a noticeable amount of work has been dedicated to the adjustment of GMPEs to hard-rock conditions (e.g., Campbell 2003; Cotton et al. 2006; Van Houtte et al. 2011; Al Atik et al. 2014; Bora et al. 2015) . For such adjustment, the combined effect of Vs profile and j has to be taken into account and it has a strong impact especially on the highfrequency content of the predicted acceleration response spectrum (Biro and Renault 2012; Edwards et al. 2016) .
In this paper, the approach followed for the site-specific partially nonergodic PSHA of a hard-rock site is illustrated focusing on the ground motion characterization. The following sections discuss the estimation of host and target Vs profiles and j 0 values, the methodology followed for the adjustment of the median estimates for a set of GMPEs, the single station sigma model and the hazard results in terms of comparison between partially nonergodic and ergodic uniform hazard spectra. Since the application of partially nonergodic approaches in relatively new in PSHA practice, this paper may serve as a useful reference for future studies of this kind.
Target site conditions and available data
The studied site is located in the Southern-East part of France, within the Alpine foreland area, a region characterized by a low seismic activity ( Fig. 1) (Cushing et al. 2008) . The seismicity level increases moderately east to the site, toward the Southern French Alps and the Ligurian basin, where the largest earthquakes occurred historically. The outcropping geological formation is composed by thick limestone beds from late Berriasian to Valanginian age (lower Cretaceous).
The evaluation of the target Vs-j 0 conditions is based on data obtained at two seismological stations, named S01 and S02 about 2 km distant from each other, both located within the industrial site of interest, in limestone outcropping areas (Fig. 1) . Station S02 is considered as control point for PSHA calculations. On S01 site, the shear-wave velocity profile was estimated by various characterization methods, using invasive approaches (cross-hole, down-hole and PS-suspension logging) and non-invasive methods, based on the analysis of dispersion features of surface waves (active ''Multichannel Analysis of Surface Wave'': MASW and passive ''Ambient Vibration Arrays''). Detailed results of these measurements can be found in Garofalo et al. (2016a, b) . On site S02, MASW experiment was conducted to assess velocity in the shallower layers while close cross-hole The j parameter estimation is based on exploitation of earthquake records at both seismological stations S01 and S02. S01 provided accelerometric records over a period of 15 years from a triggered system. S02 provided broadband velocimetric records over a period of 2.5 years from a continuous system. Due to a better signal-to-noise ratio and the continuous recording mode, S02 provided roughly as much usable records as S01, despite a shorter recording period. Since the rock conditions of both sites are very similar, we used for the present study both data sets simultaneously for j estimation. More information on Fig. 2 Vs measurements on the studied site at S01 (blue dots) and S02 (red dots) stations (about 2 km apart) located on the in limestone outcropping areas. The Boore and Joyner (1997) data processing and on j estimation at each station can be found in the dedicated paper by Perron et al. (2017, submitted) . The j parameter describes the high-frequency decay of the Fourier amplitude spectrum (FAS) of a seismogram. This parameter was introduced by Anderson and Hough (1984) as the linear decay in a log-linear space of the high-frequency part of the acceleration FAS of the horizontal component of the shear waves. It can be expressed, for one given record of one given earthquake as:
where f 1 and f 2 are the frequency limits where the decay is approximately linear on a figure where acceleration in plotted in log scale and frequency is plotted in linear scale. It is generally assumed that j depends on epicentral distance (R e ) (Douglas et al. 2010; Ktenidou et al. 2013) . The notion of j 0 is defined as extrapolation of j values, measured on numerous earthquake records on a given site, to zero epicentral distance:
where j R is the distance-dependence of j (Anderson 1991) . There are several methods proposed to compute j 0 . In this paper, j 0 estimations are based on the original Anderson and Hough (1984) approach based on the slope of the high-frequency FAS (named ''j 0_AS '', in the following we drop the suffix AS for simplicity). Figure 3 shows the different individual j values estimated on the S01 and S02 dataset and summarizes two approaches to estimate j 0 and its uncertainty. The first approach (in green on Fig. 3 ) consists in computing j 0 and associated standard deviation using earthquakes with epicentral distances lower than 50 km, considering a constant j in this distance range. This approach is rather robust since it does not introduced bias due to slope estimation. This approach leads to j 0 value of 0.032 s, with lower and upper bounds of 0.024 and 0.038 s, respectively. The second approach (in blue on Fig. 3 ) is based on the computation of linear regressions on the whole epicentral distance range, minimizing and maximizing the possible j R slope. This approach leads to j 0 value of 0.032 s with lower and upper bounds of 0.021 and 0.041 s, respectively. Thus, with both approaches, we obtain 0.032 ms as a best-estimate value. The larger uncertainty interval is obtained with the second approach. In this study, we use the three target j 0 values from the second approach to build a logic tree for the host-to-target adjustment in order to account for epistemic uncertainties.
Overview of selected GMPEs
Southeastern France is characterized by a low-to-moderate seismic activity with a limited number of strong-motion recordings in the magnitudes of interest for hazard estimates for critical infrastructures. The largest events recorded by the French strong-motion network (RAP) in the Alps do not exceed Mw 5. This limits the development of local empirical GMPEs and consequently the set of models used in PSHA are typically derived from foreign data. Several GMPEs have been tested in the past against a set of small-magnitude French records (Beauval et al. 2012) although the tested models have now been superseded by more recent ones.
For this study, we selected a set of six GMPEs composed by recent models including GMPEs developed within the NGA-West 2 project Campbell and Bozorgnia 2014) , models developed for the Pan-European region (Ameri 2014; Akkar et al. 2014; Bindi et al. 2014 ) and the Cauzzi et al. (2015) model, mostly based on Japanese data (though it includes some records from elsewhere). These models satisfy the selection criteria of Cotton et al. (2006) further refined by Bommer et al. (2009) , except for the Ameri (2014) model that was not published in a peer-reviewed journal at the time of this study (more recently this model has been refined by Ameri et al. 2017) and it is included in the set as it considers a significant number of records from French earthquakes. The set of GMPEs selected in this study and their main characteristics are reported in Table 1 . Note, anyway, that the purpose of this study is not to propose a set of GMPEs that should be definitely used for seismic hazard assessment in the region of interest. Similarly, the weighting of these GMPEs in the logic tree framework is beyond the scope of this paper.
In terms of ground motion estimation for hard-rock sites, the Pan-European models have very few data for sites with Vs30 [ 1200 m/s which limits their use for such cases. The NGA-West 2 models include a larger number of hard-rock sites and their use is recommended by the developers up to Vs30 = 1500 m/s (Gregor et al. 2014) . In any case, regardless the GMPE, the estimation of ground motions for the hard-rock site of interest would require the extrapolation of the models far beyond their validity domains. 4 Vs-j adjustment of median GMPEs estimates
The median values predicted by GMPEs for generic site conditions need to be adjusted to the reference condition at the target site, defined in terms of Vs and j 0 (see Sect. 2). The host-to-target adjustment is made considering a logic tree that accounts for the crustal Vs profiles and the three target j 0 values defined for the site.
Methodology
The approach for the Vs-j adjustment is similar to that used in other recent PSHA projects (Rodriguez-Marek et al. 2014; Renault 2014; Edwards et al. 2016) . The methodology has been proposed by Al Atik et al. (2014) and it is based on the use of the Random Vibration Theory (RVT, Cartwright and Longuet-Higgins 1956; Boore 2003 ) and on the Inverse RVT (Gasparini and Vanmarcke 1976; Rathje et al. 2005 ) that allows one to calculate an acceleration Fourier amplitude spectrum (FAS) compatible with a defined acceleration response spectra (for example from a GMPE), provided that a duration model is available.
The main steps of the method are briefly outlined here and we refer to Al Atik et al. (2014) and Van Houtte et al. (2014) for further details. The methodology considers the following steps:
1. for a specific scenario (Mw, distance, fault mechanism,…) the host response spectrum is calculated for each GMPE for a standard rock condition; 2. the IRVT is applied in order to calculate the FAS compatible with the response spectrum defined in step 1. The empirical ground motion duration model of Bommer et al. (2009) is used in this study; 3. the host kappa value is estimated from the slope of the high-frequency portion of the calculated FAS (by fitting the exponential j function Eq. (1) to the FAS); 4. the kappa adjustment is applied by multiplying the FAS by exp(-pf(j target -j host )).
If j target \ j host an additional step is required here to modify the host FAS such that the high-frequency slope follows the theoretical kappa scaling (Al Atik et al. 2014 ). This step is required due to the slope of the IRVT-derived FAS that tend to flatten at high frequencies; 5. the Vs adjustment is applied by multiplying the kappa-adjusted FAS of step 4 by the ratio target-to-host of the crustal amplifications (see Sect. 4.3) . This provides the Vskappa adjusted FAS; 6. the adjusted response spectra (target) is obtained by applying the RVT to the FAS obtained in step 5; 7. Vs-j adjustment factors in the response spectrum domain are obtained by dividing the target spectrum (step 6) by the host one (step 1); 8. Steps 1-7 are repeated for several magnitude-distance scenarios for each GMPE.
j adjustment
Three values of target j 0 are considered in this study for the GMPEs adjustment. As discussed in Sect. 2, the central value is j 0 = 0.032 s, the lower bound is j 0 = 0.021 s and the upper bound is j 0 = 0.041 s.
In order to estimate the host j, the IRVT-derived FAS are calculated for several scenarios considering the selected GMPEs. The considered scenarios are Mw = 5.0, 5.5, 6.0, 6.5 and distances of 5, 10 and 20 km. The considered magnitude and distances are representatives of the hazard controlling sources for the target site for a return period of 10,000 years (of interest for critical structures). Moreover, the consideration of short source-to-site distances is necessary in order to avoid, as much as possible, the effect of the anelastic attenuation (Q) on the calculated FAS that would otherwise affect the highfrequency part of the FAS and bias the host kappa estimation (Al Atik et al. 2014) . The fault mechanism is strike-slip, which corresponds to the dominant mechanism of the most contributing sources. Other relevant parameters for the GMPEs are reported in Table 1 .
For each scenario the kappa exponential model (Eq. 1) is fitted to the high-frequency part of the FAS between two frequencies f 1 and f 2 that need to be determined. The selection of these two frequencies is not trivial and is source of uncertainty. Therefore, the kappa adjustment may be more or less affected by this choice. The minimum frequency f 1 shall be higher than the frequency associated with the peak amplitude of the FAS. The maximum frequency f 2 should be selected in order to ensure that the decrease of FAS between f 1 and f 2 is approximately linear (in the case of a lin-log graphical representation). We selected f 1 and f 2 based on visual inspection of calculated FAS. For each GMPE, we decided to consider a fixed frequency band regardless of the magnitude-distance scenarios considered. The minimum frequency f 1 is 8 Hz for all models and the maximum frequency f 2 is 25 Hz for the model Cauzzi et al. (2015) , 18 Hz for the model of Boore et al. (2014) and 20 Hz for other selected models. In this way, the impact of the choice of the frequency band on the host kappa estimation, which is to some extent subjective, is limited.
The determination of host j, named j 0,IRVT , is illustrated in Fig. 4 for several magnitudes at a distance of 10 km. The host j 0,IRVT values determined for each GMPE for all the considered magnitude-distance scenarios are reported in Table 2 . Also reported is the mean j 0,IRVT value for each GMPE with relative standard deviation. We observe that for the Cauzzi et al. (2015) and Campbell and Bozorgnia (2014) models we obtain lower j 0,IRVT values (around 0.024 s) while for the remaining models values close to 0.03 s are obtained. Moreover, the Cauzzi et al. (2015) GMPE shows the smaller variability of j 0,IRVT while the Boore et al. (2014) model presents the largest variability. For this latter GMPE the j 0,IRVT values of about 0.03 s are obtained for the small magnitudes whereas values of about 0.037 s are obtained for large magnitudes. This is due to the change in the shape of the response spectra between magnitudes 5.5 and 6 (not shown here). The peak of the response spectra is at about 10 Hz for Mw = 5 and at about 6 Hz for Mw = 6 (both at R JB = 10 km). Such an important shift of the peak of the response spectra (which is translated into the IRVT-derived FAS) is not observed for other GMPEs and may be related to the use of a period-dependent hinge magnitude (M h ) in the Boore et al. (2014) model.
The stability of the j 0,IRVT estimated for the Cauzzi et al. (2015) model may be related to the underlying dataset composed exclusively by high-quality digital records. This would imply a lower level of high-frequency noise in the derived FAS compared to the other GMPEs and consequently a more precise estimation of the j 0,IRVT values. This is shown in Fig. 4 where the for the Cauzzi et al. (2015) model the decay of the FAS follows the linear trend up to higher frequencies than for the other models allowing us to fix f 2 to 25 Hz. Another explanation could be an actual smaller variability of j 0 values for stations in the Cauzzi et al. (2015) dataset. Indeed most of the dataset is composed by Japanese records and we may hypothesize that the considered rock sites are characterized by similar j 0 values.
Concerning the variability of j 0,IRVT with distance, it is found to be significant for some of the considered GMPEs (i.e., Bindi et al. 2014; Ameri 2014; Campbell and Bozorgnia 2014) as reported in Table 2 . For these models increasing distances provide generally larger j 0,IRVT values.
Vs adjustment
The Vs adjustment aims to modify the median prediction of the GMPEs, initially determined for a generic Vs30 value, for a target Vs profile at the specific site. Thus, a target Vs Fig. 4 Estimation of host j 0,IRVT for the selected GMPEs. The IRVT-derived Fourier Amplitude Spectra, FAS are presented for Mw = 5.0, 5.5, 6.0 and 6.5 at 10 km distance for Vs30 = 800 m/s and strike-slip mechanism. The fit of the kappa model to each FAS is shown by the red lines and j 0,IRVT are reported in Table 2 Bull Earthquake Eng (2017) 15: 4089-4111 4099 profile representative of the type of rock encountered at the site and a host Vs profile, representative of the generic site conditions associated with the host Vs30 value shall be defined. The approach followed is based on the use of generic Vs crustal profiles representative of the host and target rock conditions (Cotton et al. 2006; Biro and Renault 2012; Rodriguez-Marek et al. 2014; Edwards et al. 2016) . It consists in using the rock (Vs30 = 620 m/s) and hard-rock (Vs30 = 2880 m/s) generic Vs profiles defined by Boore and Joyner (1997) (hereafter BJ97) to determine a representative crustal profile for a specified Vs30. The crustal profile for a target Vs30 is obtained by interpolating the BJ97 profiles as described by Boore (2016) . Two target Vs crustal profiles are defined for the site in order to account for variability as depicted by the Vs measurements at the two stations (see Sect. 2). The first (profile 1) is obtained by the abovementioned interpolation for a Vs30 = 2000 m/s, which is the average of the Vs30 values at stations S01 and S02. The second (profile 2) is obtained by adopting the Vs profile for station S01 down to 20 m and the BJ97 hard-rock profile for deeper Vs (Fig. 2) . Profile 2 has a Vs30 = 1950 m/s, thus consistent with Profile 1.
Concerning the host Vs profile, we defined two generic rock profiles representative of a Vs30 = 800 m/s and Vs30 = 1000 m/s, respectively. The generic profile with Vs30 = 800 m/s is used as a host Vs profile to adjust all the GMPEs except the Ameri (2014) model. Indeed, for this model, the site function is based on EC8 site classes and not on Vs30 (Table 1) . This difference is due to the fact that the recording stations included in the dataset by Ameri (2014) are not all characterized in terms of Vs30 and for a large number of them, only the EC8 site classes based on local geology were available. As a consequence, we need to determine an equivalent Vs30 for the EC8 class A predictions of the Ameri (2014) model. This is not easy because, beside the missing Vs30, a number of stations may be mis-classified. Based on the analysis of the dataset of Ameri (2014) and the proportion of class A sites for which the Vs30 is available we suggest that a Vs30 = 1000 m/s can reasonably be associated with preditions for class A for this model. The generic host Vs profiles are presented in Fig. 2 . The linear site amplifications for the host and target crustal profiles are calculated using the square-root-impedance method (Boore 2013) which is based on the quarter-wavelength approximation (Joyner et al. 1981) . The effect of the attenuation will be included later by the kappa function. The amplitude transfer functions for the considered host and target profiles are presented in Fig. 5 (left panel) .
It is interesting to note that the amplifications calculated from profile 1 and 2 are similar. For frequencies lower than 20 Hz profile 2 provides lower amplifications due to the higher average Vs from the surface to the quarter-wavelength depth (which is approximately 75 m for 20 Hz) with respect to profile 1. At higher frequencies, profile 2 provides larger amplifications due to the low average Vs in the shallower part of the profile (quarterwavelength depth for 40 Hz is about 20 m).
As suggested by Al Atik et al. (2014) , the Vs adjustment is applied to the j-corrected FAS (defined in step 4 of Sect. 4.1). Then the response spectrum is calculated by RVT (step 6) and adjustment factors in the response spectra domain can be determined (step 7). For purpose of illustration, the host-to-target adjustment factors for Vs only are shown in Fig. 5 (right panel) for the defined profiles. We note that the Vs adjustment factors obtained considering the two target profiles are very similar. The use of profile 1 is overall slightly more conservative implying a smaller reduction of median spectral amplitudes from GMPEs. In order to avoid excessive and unjustified complexity of the ground-motion logic tree used in the PSHA, profile 1 is retained for the Vs-j adjustment that will be discussed in the next sections. 
Vs-j adjustment factors for the selected GMPEs
In order to illustrate the effect of the Vs-j adjustment, the response spectrum by the Akkar et al. (2014) GMPE for a particular scenario is adjusted for the target profile 1 (Vs30 = 2000) m/s and several target j 0 values (Fig. 6 ). As expected, the effect of the j adjustment is negligible at low frequencies (f \ 1 Hz) where the differences with respect to the original spectrum are due to the Vs adjustment. On the other hand, at high frequencies the effect of the j adjustment changes significantly both the amplitudes and the shape of the original response spectrum. At these frequencies the obtained spectra are a combination of the Vs and j effects. For very low j 0 values, the reduction implied by the Vs adjustment is counter-balanced by the amplification due to the j scaling and the resulting spectra are larger than the original ones. In case of target j 0 larger than the host j 0,IRVT both the Vs and j adjustments reduce the spectral amplitudes with respect to the original ones.
As we pointed out in the previous sections the estimated host j 0,IRVT values may be different for the considered GMPEs and as a consequence the Vs-j adjustment factors will depend on the GMPE. Moreover, for some of the models a variability of the estimated host j 0,IRVT with magnitude is observed, which is translated into variability in the adjustment factors. As an example we show in Fig. 7 the Vs-j adjustment factors obtained for the Cauzzi et al. (2015) and the Boore et al. (2014) GMPEs considering a target j 0 = 0.032 s. Because the host j 0,IRVT values estimated for the Cauzzi et al. (2015) show negligible variations with magnitude and distance, the obtained adjustment factors are similar. On the other hand, the adjustment of Boore et al. (2014) model provides two sets of factors in the high-frequency range. For Mw = 5.0 and 5.5 for which a host j 0,IRVT of about 0.03 s is estimated, the amplitude reduction with respect to the original model is larger than for Mw = 6.0 and 6.5 for which the host j 0,IRVT is estimated around 0.037 s.
It is worth mentioning that the variability on the j 0,IRVT obtained for the selected GMPEs is considered and propagated in the following hazard calculations. The ground motion predicted by each GMPE in the PSHA calculations is adjusted considering the variation of scaling factors as a function of earthquake magnitude, if applicable. In this way, the uncertainties in the j 0,IRVT estimation are to some extent considered in the hazard calculations.
We compared the host-to-target Vs-j adjustment factors obtained for each GMPE for the three target j 0 values in Fig. 8 . The comparison is presented for a scenario with Mw = 5.5 and distance of 10 km, which corresponds to a magnitude-distance couple that significantly contribute to the seismic hazard at 10,000-year return period. We observe that:
• At long periods (T [ 1 s) the adjustment is controlled by the Vs profile. For this reason, the adjustment factors are essentially the same for all GMPEs except for the Ameri (2014) model. As already mentioned, for this model the host Vs30 is 1000 m/s while a Vs30 = 800 m/s is used for the other GMPEs; • In general, regardless of the target j 0 value considered, the adjustment factors are smaller than 1 for all GMPEs. This means that the host-to-target adjustment reduces the ground motions for this particular hard-rock site. For example, for the central target j 0 = 0.032 s the reduction with respect to the host GMPEs is of about 20% at long periods and of 40-60% at short periods; • The adjustment factors are overall consistent among the GMPEs. This is due to the similar host j 0,IRVT values and Vs adjustment. Exceptions are the the Cauzzi et al. (2015) and Campbell and Bozorgnia (2014) models that are characterized by smaller j 0,IRVT values and thus leads to smaller adjustment factors (i.e., larger reductions with respect to generic host conditions).
Single-station sigma model
In the framework of the site-specific partially nonergodic approach, the part of the ground motion aleatory variability of the GMPEs which corresponds to the inter-site variability should be removed. Indeed, the median prediction of the GMPEs is adjusted for sitespecific Vs profile and j 0 considering epistemic uncertainties, then the sigma should be reduced by an amount reflecting site-term variability in order to avoid double counting. The single-station sigma (r ss ), and more precisely the event-corrected single-station standard deviation (/ ss ), can be estimated empirically provided that sufficient records are available on the site (e.g., Rodriguez-Marek et al. 2011; Chen and Faccioli 2013; Luzi et al. 2014) . Nevertheless, in the case of a limited number of records, as for the present study, the r ss model developed by Rodriguez-Marek et al. (2013) can be considered. The authors compiled a ground motion database from several tectonically active regions in order to establish a global estimate for this parameter. The results show that the value of / ss , is remarkably stable in all the considered regions. They proposed different models for / ss : a homoscedastic model (only function of the spectral period), and heteroscedastic models (depending on the magnitude and/or distance). In this study, the homoscedastic model is considered.
The epistemic uncertainties on / ss need also to be considered to account for the variability of / ss at each single site (/ ss,s ). Following, Rodriguez-Marek et al. (2014) a coefficient of variation of 0.1 (i.e., std / ss = 0.1 * / ss ) is used based on the variability of / ss estimated from the PEGASOS Refinement Project global dataset of / ss,s (swissnuclear 2014). In the PSHA calculations, the epistemic uncertainty of / ss was assumed to be normally distributed and was modeled using a three-point distribution that maintains the mean and standard deviation of the original distribution. The high / ss was taken as the median / ss ?1.6 std(/ ss ), and the low / ss was taken as the median / ss -1.6 std(/ ss ).
The single station sigma (r ss ) logic tree is finally defined by the following three branches and weights:
Several approaches can be followed to define the between-event variability (s). One approach is to consider the model of s as defined in each GMPE, which leads to a r ss model for each GMPE. Alternatively, a single s model can be considered, meaning that this is the preferred between-event variability in the study area. In this latter approach, a single r ss model is defined and used for all GMPEs (Rodriguez-Marek et al. 2014) . For this study, the second approach is adopted. The s value considered is that of the Ameri (2014) GMPE because, among the selected models, it is the only one that consider in the dataset a large number the events located in the study region (i.e., French Alps). Figure 9 shows the total and the between-event (s) standard deviations of the selected GMPEs, the median / ss proposed by Rodriguez-Marek et al. (2013) , and the r ss model (median, lower and upper) considered in this study. Note that the s for the Ameri (2014) model is larger compared to most of the other GMPEs, and in particular to other Pan-European models Akkar et al. 2014) . This is at least partially due to the consideration of small magnitude events from France and Switzerland that increase the between-event variability at short periods. According to Ameri (2014) and Ameri et al. (2017) part of such variability can be ascribed to variability in stress parameter for such small magnitude events (e.g., Drouet et al. 2010) . Note that, the considered r ss values RodriguezMarek et al. (2013) are comparable to the total sigma values defined by Boore et al. (2014) and Campbell and Bozorgnia (2014) .
Sensitivity of hazard results to the GMPEs adjustment
In order to illustrate the impact of the GMPEs adjustment and the use of the single-station sigma on the hazard estimation at the site, we compare uniform hazard spectra obtained by the site-specific partially nonergodic and generic ergodic PSHA. For the purpose of this paper a simplified SSC model is considered because we are interested in showing the hazard sensitivity to the GMPEs adjustment. The simplified SSC model consists of one of the area source models (named SM1) considered in the global logic tree which accounts for seismic source up to 200 km from the target site (Fig. 1) for which best-estimates seismicity parameters are used. The minimum magnitude considered in the PSHA calculations is Mw = 5, which is a value typically considered for critical structures.
The hazard calculations are performed with the Crisis 2014 V1.2 software (Ordaz et al. 2013) . We considered 15 spectral periods ranging between 0.01 and 3 s, which encompass the typical periods of interest for the several parts of the structure.
The aim of this sensitivity analysis is to show: (1) the impact, for each GMPE, of the application of the site-specific partially nonergodic PSHA with respect to the standard ergodic PSHA; (2) the impact of the three target j 0 values (central, upper and lower bounds) in the site-specific PSHA and (3) the overall impact of the application of the sitespecific partially nonergodic approach with respect to the standard generic approach when using the selected GMPEs in the logic tree. The hazard sensitivity is presented in terms of UHS at 10,000-year return period.
The hazard results are shown on Fig. 10 , where for each GMPE the UHS for standard rock conditions using the ergodic approach are compared to those obtained from the sitespecific partially nonergodic approach for the three target j 0 values. Thus the UHS for the three target j 0 values represent the epistemic uncertainties related to the target hard-rock site response. The ergodic UHS are calculated considering both a Vs30 = 800 m/s and a Vs30 which represents the upper limit of the validity domain as recommended for each GMPE (Table 1) .
Generally speaking, the UHS obtained by the partially nonergodic PSHA are lower than the ergodic ones. This is due to the combined effect of the Vs-j adjustment and of the single-station sigma model. It is interesting to note that the Boore et al. (2014) and the Campbell and Bozorgnia (2014) models provide ergodic UHS for Vs30 = 1500 m/s which are similar to the partially nonergodic UHS at low frequencies. Note that for these two GMPEs the differences between the generic and site-specific UHS can be exclusively ascribed to the Vs-j adjustment of median estimations because the adopted single-station sigma values are very similar to the ergodic sigma that comes with these models.
The site-specific partially nonergodic mean UHS from the simplified SSC logic tree is presented in Fig. 11 adopting equal weights for the GMPEs and for the three target j 0 values. We also show the generic ergodic UHS obtained considering Vs30 = 800 m/s and Vs30 equal to the upper limit of the validity domain prescribed by each GMPE. The sitespecific UHS provides PGA value about 50% lower than the generic one. At 1 Hz, the sitespecific UHS is about 40% lower than the generic one for Vs30 = 800 m/s and 20% lower than the one for upper limit Vs30. 
Summary and conclusions
When conducting a site-specific PSHA, epistemic and aleatory uncertainties should be clearly identified and treated separately. The consideration of the site-specific characteristics of the target site, and associated uncertainties, allows us to partially remove the ergodic assumption in the aleatory variability of the GMPEs by considering that the site response is known and thus can be modelled as alternative branches of the logic tree (epistemic uncertainties). This is a clear advance in the PSHA practice because it allows a more rigorous treatment of uncertainties and a more accurate representation of the ground motion at a specific site.
A site-specific partially nonergodic PSHA is performed for a hard-rock site in Southern France, a region of low-to-moderate seismicity. The results presented in this paper focused on the ground motion characterization in terms of host-to-target adjustment of median estimates from GMPEs and of the definition of the single-station sigma model.
The target reference site conditions are defined in terms of Vs profiles and j 0 values based on the results of site investigations and on the exploitation of earthquake records at seismic stations in the target site area. Two alternative target Vs profiles were considered in order to consider epistemic uncertainties, both having a Vs30 of about 2000 m/s. Only one target profile was finally retained because the two profiles provided similar Vs adjustments factors. In order to considered uncertainties in the target j 0 , three branches were considered in the adjustment of the GMPEs (i.e., j 0 = 0.032 s, j 0 = 0.021 s and j 0 = 0.041 s) based on measured j values on acceleration records in the site area.
The estimation of the host j 0 is performed via IRVT on FAS compatible with the response spectra of the selected GMPEs for several magnitude-distance scenarios. The j 0,IRVT values are found to be similar among the GMPEs with values of about 0.03 s for 4 out of 6 models and j 0,IRVT of about 0.025 s for the remaining two models. However, the variability of j 0,IRVT for each GMPE can be relevant depending on the GMPE. This Fig. 11 Site-specific partially non-ergodic mean Uniform Hazard Spectra (UHS) at 10,000-year return period for the reduced SSC logic tree considering equal weights for GMPEs and target j 0 values. Also shown are the mean UHS obtained from generic (ergodic) PSHA considering Vs30 = 800 m/s and Vs30 equal to the upper limit of the validity domain for each GMPE variability was considered and propagated in PSHA calculations by using, for the GMPEs that show this variability, a set of adjustment factors for each target j 0 .
Finally, the ergodic assumption was partially removed by adjusting the median GMPEs estimates for the target Vs-j conditions, including uncertainties, and by reducing the aleatory variability of the GMPEs using a single-station sigma model which included epistemic uncertainties in the event-corrected single-station sigma (/ ss ).
The impact of the site-specific partially nonergodic approach on PSHA results was presented by means of a sensitivity analysis showing the UHS at 10,000-year return period for different branches of the ground motion logic tree. The site-specific UHS were compared to generic ones calculated considering standard rock conditions (Vs30 = 800 m/s) and hard-rock conditions by using the upper Vs30 limit for the selected GMPEs. For the considered site, the site-specific approach provided a substantial reduction of the UHS at 10,000-year return period compared to the ergodic approach. The reduction is larger at high frequencies. This is due to the fact that for this specific site, both the Vs and j adjustments reduces the ground motion amplitudes with respect to the host conditions. The reduction of the ergodic sigma also contributes to the lower acceleration values obtained by the site-specific approach.
The approach presented in this study provides a more accurate definition of the seismic hazard at the site of interest and it is definitely worth pursuing when data at the site (or in the site proximity) are available for the target j 0 estimation. In this sense, this study also demonstrates the usefulness of having seismic instrumentation at critical sites which allows gathering and exploiting earthquake recordings to characterize the site conditions.
